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Part I

Stabilities of Nitrogen Containing Heterocyclic Radicals



INTRODUCTION

This report is divided intc three essential sections plus

a final review. section.
Part 1 Stabilities of Nitrogen Containing Heterocyclic
Radicals
Part I1 Computation of Simple Potential Energy Surfaces
for Ground and Excited States
Part III Photophysical Properties of Indolizine
Part IV Final Review of the A@complishmeﬁts of Research Done
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INTRODUCTION

This paper addresses itself to three main topics.
First we vill explore the intuitive ambiguities of attempt-
.ing to assign the ground state symmetries of a number of
heteroradicals. We will also explore the difficulty of obtain-
ing “god1“>pi-e1ectron spin density calculations. Finally we
will also explore the staéélsymmetry consequences éf these assign-
ments with respect to the photogeneration of such radicals from
parent filled shell wmolecules.

- Conceptual ambiguities exist with respect to intui-
tively assigﬁing the symmetry of the ground staté of planar
radicals. Kasai and co'workers1 set out to explore this issue
with respect to the ground state symmetries of the phenyl
‘and higher polycyclic aromatic radicals. Kasai snowedl that
in the systems studied aryl radicals invariably had sigma
structures. The siﬁplest resonance structure representation
of the sigma phenyl radical is as shown below. The pi-radical
is an excited state of the phenyl radical. At this time we
will avoid the problem of assigning the proper group theoreti-
cal representations for various resonance structures. This
ypuld require writing a number of addiéional structures of
proper phasing. In‘our diagram we use the Salem-Dauben-Turro
conventionz,of circling the sigma électrons and giving the
sumnation of the total number of pi and sigma electrons involved

in the critical portion of the bonding picture.
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Single Structure Representations of the Ground

and Excited State of the Phenyl Radical.

- Kasai's experimental results were also supported
by INDO calculations. Kasai specifically explored the
possibility that in electron rich systems the pi-orbitals
might yield up an electron to a half-filled sigma orbital
.to genérate a pi-radical. In the case of a substitutéd phenyl
radi;al the electron donating substituent might stabilize
the normally energetically unfavorable zwitterionic resonance
struéture»to yield such a pi-radical, as shown below. INDO

calculations‘,:3 however, indicated that the ground state of
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Structure Prepresentations of the Sigma and Pi-
p-Aminophenyl Radicals



the p-aminophenyl radical is sigma. We know of no case in
which the groumd state of aryl radicals are predicted to
be pi. ’

Although not a radical the case of the phenyl
éati_on, an even electron wolecule, is somewhat more complex.
Experimental information is uncléar4as to the existence of
the phenyl or substituted phenyl cations in solution. The
INDO calculations 3 predict that although phenyl cation has
a sigma structm;‘e, the p-aminophenyl cation has .a triplet

ground state, pi-cationic structure.
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Structure Representations of the Ground States of the

Phenyl and p-Aminophenyl Cations

Here, the hypothesis that the electron-rich nature of the
substituent could yield an inversion of ground-excited state

symmetries has computational support.
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Due to the lack of experimeﬂtal information this
ambiguity as to the real symmetries of the ground state of
aryl cations remains. We are attempting to resolve this
ambiguity by deying the photoprocesses in arenediazonium
salts. ] |

The ambiguity we wish to explore here Has to do
with the ground state symmetries. of radicals gene-zted from
the removal of an H atom from R,N-H yielding R,N radi-
c#ls. Becausé of the—nitrogen lone éairs an ambiguity
exists as to whether suc.h radicals are pi or sigma. The
pyrryl radical. (I) is a case in point. The sigma and
pipstfuctures of the pyrryl radical might be represented

as follows. We use the convention of having the pi-electron

labeled within the ring.

O

6w, 1o Sv, 20

Sigma | Pi.

Structure Presentations for the Pyrryl Radical (I)
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A reasonable guess as to the probable ground
state symmetry of the pyrryl radical is obtained from examin-
ing the electronic structure of the pareant amino radical

NH, , or simple alkyl derivatives. In the case of NH,

6

both éxperimental5 and theoretical’ information shows that

the ground state has a 231 symmetry;‘whiie the lowest

excited state 2A1 is only about 1-3 ev higher in energy.‘7

Structure Representations for the Ground and
First Excited State of the Amino Radical

8 are also theoretically and

Dialkylaminﬁ‘radicals
experimentally pi-radicals (281).‘ Simple first order per-:
_ turbation theory leads an ambiguity as to the prediction of
the symmetry of the ground state of the pyrryl radical.
The least-complicated scheme (Fig. e 1) of the interaction
of the pi-orbitals of cis-butadiene with the pi-amino radical
predicps, on:weak interaction, a 2B1 structure for pyrryl,

and on strong interaction, a 2A1 structure, Such a simple

picture, however, discounts the possibility that the a;
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sigma orbital on the amino group is stabilized on coalescence
into butadiene. 1In fact, both INDO and pi-electron calcula-
tirns predict a ground state symmetry of 2A2 for pyrryl

(vide infra). Resonance-wise, such a symmetry can only arise

from the interaction of structures whose alpha pi-spins are
not localized on the nitrogen atom, as shown above, but on the

carbor atoms as shown below.

& - &

It would dﬁpear that simpi; pertﬁibation argu-
ments are useless in ratiomalizing the‘likely ground state
symmetries of amino type radicals'which have adjacent pi- |
systems. In a similar way the question as to why NH, and
.NFz have 2B1 ground states and NO, has a 2A1 ground
state has not been rationalized. It would appeaf that pre-
dictions as to the symmetries of these classes of molecules
can be made only with some computatiqﬁal effort.. Hopefully,
- after a sufficient number ;f calculations some rationale can
be consc. which will aid intuif:on.

. ‘'We are particularly intere..ed in Ehe electronic

structures of pyrryl, imidazyl, and belZlmldazyl Here,

we repbrt that INDO calculations predict a S1gma structure



for imidazyl, while the other two are pi. Additional calcu-
lations were conducted on related heteroradicals to see if
the pi-versus-sigma dilemma could be resolved. Finally, we
ﬁave conducted a number of pi-eléctron calculations on pyrryl,

imidazyl, benzimidazyl, carbazyl, and purinyl radicals.

l!EmOD OF CALCULATIONS

The INDO calculations were conducted using
program No. 91 from Quantum Chemistry Program Exchange.9>
The standard parameterizations were used.6 This program
does not compute pure douhlet states, however, and thus
':thg results- reported here are for calculations containing
contamihating higher multiplets. The.geomet:ies chosen were
those from standard tablégé‘ (for N-H and C-H) with the ex-
ception that ali C-N, C-C, C-O bonds we e set at 1.40 A.

The pi-electron calculations were condpcted.using
a staﬁdard open shell UHF pi-electron techniqueIGcoﬁtained
in a modified version of progrim 76 of QCPE. In this caée,
however, the contaminating quartet multiplet was removed by
single annihilat.on using a subprogréﬁ written with the aid
" of previous work.11 The carbon and nitrogen parameters for
the valence state ionization po:ehtia1~;nd one-centered
electron repulsion integral were 11.08,'10.98 ev (carbon)
and 14,63 and 12.27 ev (nitrogen) respectively. A test

calculation on the allyl radical gave a value of (SZ)
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after annihilation, of 0.75000, indicating full quartet
removal. The calculated terminal and central carbon atom
‘spin densities, after annihilation, were.0.57 and -0.14,
using a C-C r;sonance integral of -2.40 ev. There are in
excellent agreement with the experimental values of 0.58 and

-.16, respectively.12

RECULTS AND DISCUSSTION

I. TNDO Calcu. itions

A) égxryl, Imicdazyl and Benzimidszyl. The

caléulationé listed in Tables 1-3 for these radicals show
that both pyrryl and benzimidazyl are predicted to be pi-
radicals while imidazyl is predicted to be a sigma radical.

Experimentally none of these parent radicals are known. The
' 13,14

as being pi-radicals. However, from resonance coi s iderations

tetraphenylpyrryl and triphenylimidazyl are well characterized

alone, it would be anticipatedrthat the polyphenyl substituted

pyrryl and imidazy} would be pi-radicals even if the parent

radicals were sigma. The INDO calcu}ations of pyrryl approxi-
mates the pi-electron calculation in that a very low spin

: density is predicted for the nitgpgen atom and that the symmetry

is most lijkely ZAZ (experimentally) fér thg tetraphenyl deriva-

tive.13

Both INDO and pi-electron calculations (Tables 1 and

9, respectively) predict a much higher spin density at the

alpha than at the beta L drogen. Likewise, the triphenylimidazyl
shows a low spin density on the nitrogen atomsl3ilgltnough the

symeetry predicted from pi-calculation (Table §) indicates a
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2

B, symmetry, different than pyrryl. A rationalization of

1
this will be given later as well as a comparison of the cal-

culations on benzimidazyl presented in Tables 3 and 12.
The. main anomally occurs with the predicted sigma
structure of the imidazyl radical. A number of experiments

have been directed towards generating the imidazyl and benzi-

15-17

midazyl radicals. Imidazyl radical is a ﬁfoposed inter-

mediate in oxidative phosphorylation, a key biological process.14

The radical identified from the irradiation of imidazole crys-

15,17

tals has been established as being structure II.

e

The earlier work of Lamotte and Ser:voz-GalvinlEia indicated *w,
different species, one formed at 77K, as yet unidentified,
and a higher temperature specie, structure II. A single ESR

spectrum indicated a species with 2 equivalent nitrogens with

a coupling constant of 10.5 gauss, and one hydrogen atom
15a

(32 gauss). The ptoposed structure is close to that of

the sigma imidazyl radical (III).

‘Strucqpre Representation for the Sigma~-Imidazyl Radical (IIT)



The main problem with such a structural assignment fror. this
sparse data is the low coupling constant on the nitrogen.
Most authorsls.associate a 1$w nitrogen coupling constant
(under 25 gausé) with a pi-strdCture, the classical argument
being that any sigma radical would have a high s-orbital
component and therefore a high coupling constant. "The

INDO calculation in Table 2 is somewhat unique in that
althouzh most of the spin is localized on the two nitrogen
atoﬁs toe p-orbital, not the s-orbital, component is high.
Regardless of the possible relationshi, of this calculation
to reality it is now established that usiﬁg low coﬁpling
coﬁstaﬁt m§gnitudes as a criteria of pi-versus-sigma structure .
has no_theofeéical vélidity. Aﬁother cur :rus result of the
calculation on imidazyl is the generally low value of both

the hydrogen and nitrogen coupling constants. In any case the
high H c. pling constant observed experimentally is not dupli-
cated computationally and no conclusion can be drawn. The ESR
spectrm (a single line) for solution generated imidazyl16c -

indicates rapid spin exchange and is useless for any analysis.

B) Structurally Related Radicals., As previously

mentioned, amino and dialkylamino radicals are predicted

and found‘65,8 to have pi-structures (zBl). Av present,
there is no substantiated ca e of a sigma radical of

the R'RN type. This includes amido,ls’19 and hydrazido 20

21

type radicals as well as N-alkoxy“~ radicals, Of ﬁajor
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interest are the amido radicals. A great deal of controversy
exists over their structure as determined from ESR Spectra.18'19
. INDO calculations were only reported in detail on a few of the
. ui.no type tadicals 8,18 Po:.sxbly 2% te acetamido is predicted-
to be a pi-radical. The maxn theoretical problem we face here
deals with the possible va;idity of INDO calculations in pre-
dicting the relative stabilities of two close lying electronic
scatés; Additional test calculations were conducted in order
to explore this situation.

The wain question is why is: there a pi-to-sigma
invers‘ion in going from pyrryl to mdazyl" Does it happen
jn‘other heteroradicals? Are the calculations’reliable? A _
plausible hyﬁothesis for the pi-to-sigha radical conversion
is that the multiple incorporation of heteroatoms having B
"non-bonding" electrons jnto a basic hydrocarbon radical zight
snfficiently electron enrich the sigma framework so as to
‘generate an inversion of the "ground" and "excited" states
Corceptually pyrryl and imidazyl are, reSpectively, aza- and
1,3-diaza cyclopantadienyl radicals. .The incorporation of
one or more nitrogen atowms. into cycldpentadienyi could,

: conceptually, coanvert a pi to a sigma radical. Computation-lly
this onl 1y occurs with imidazyl. To see-if 2 similar thing
occurs when hetercatoms are substit ted into’a parent allyl
radical INDO calculations were carried out on aminoethylene

(Table 4), 2-aza-aminoethylene (Table 5), formamido (Table 6),
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the formic acid cation (Table 7) and the carboxyl radical

('rablé 8). The latter three materials were predicted to be
sigma radicals. Both aminoethylene and Z-ua-amipoethylene
radicals are ;aerturbatioﬂally related to the 2A2 structure

23 In coatrast with ac:et:mnidca,z2 formamido

of the allyl radical.
is predicted to have a sigma structure., As with imidazyl,
formamido is predicted to have a. curious electronic structure,
" Most of the spin density is localized on the oxygen atom and
the sttuci:ure_ representation is closer to that shown below.

In addition the nitrogen coupling constant

-

Structure Represeuntation for the Formamido Sigma Radical
is small. Experimental results on the methylated amido

18,19 and thus the experi-

radicals indicate a pi-structure,

mental results are not necessarily in conflict with the

JINDO calculations. It is kmown, from photoelectron spec-

t:x:ost:copy,zzi‘25 that the.formic agid cat‘ion is most probably

a sigma (n-electron excitation) radical. Here too, the

pi-versus-sigma structures are quite sensitive to meth),'lation.25
Carboxyl is predicted to be a sigma radical, and

26

there is some experimental evidence for this®" in the case

of malonic acid. However, with phenylcarboxyl radical a
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27 Thus, in all cases

pi-structure is predicted and found.
apparently minor structural variations can cause a pi-to-
sigma inversion.

" Conclusions of the INDO Calculations. Enough

information exists to support the statement that the pre-
diction that imidazyl is a sigma radical is not necessarily
a computational artifact. At a.ﬁinimuﬁ the calculations
jndicate that there is no strong intuitive basis on which to
predict what kind of structures should be pi or sigma radi-
cals. However, there is also some support .for the idea

that loédiné'a particular parent radical with heteroatoms
hqving "non-bouding" electrons should tend.to.fhvor sigma

structures.

II. Pi-Electron Calculations

L 4

~ The results of the open'shell single annihila-
Fion‘scf pi-electron calculations of the spin and electron
densities of pyrryl, imidazyl, indolyl, carbazyl, benzimidazyl,
and purinyl radicgls are shown in Tables 9-13. Unlike allyl
radical,?8 it was found that anninilation had little effect
on calculated spin and electron denéities. Therefore, all
the spin and electron densities, as well as the expectation
value of.sz, are reported after ;nnihilétiov of the contaminat-
ing quartet. As usual, there is some ambigdity as to what
values to use for the C-C and C-N resonance integrals. Two
separate calculations were attempted in all cases. One set

of parameters used resonance integrals for C-C and C-N of

-2.40 ev each. Anolacr set used a value of -2.40 for C-C and
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and -2.57 for C-N. In most cases this small parameter

chaunge had liftle effect on the calculated spin and electron
densities and; therefore, all the results are not presented.

An example of a lack of effect of éhanging resonance parameters
is showm iﬂ.ﬁurinyl (Table 13). With carbézyi, ﬁoﬁever, a

2 , and a minor.

major effect was noted with regard to S
effect in the ébin and electron densities. In one case,
behzimidazyi (Table 12), the syﬁhetry of the ground state,

was altered by this small change in the resonance iﬁtegfal.
Indolyl (Table 10) showed some variation in spin densities.

) iho major conclusions can_ye drawn from the compu-
tational features Sf the calculations presente& in Tables 9Y-13.
First, unlike allyl, annihilation is not particu. ~lv important
in effecting the spin and electron demnsities. The effect

2 , but -

shows up with regard to the ekpectation value of S
even in this case single annihilation is not always ;ufficient

in producing a value near the 0.75 required for a pure doublet.
_Second, the fact that a minor variation in the resonance integral
can lead to great changes in spin aﬁﬁ electron demsities, as
well as produce a change in the symﬁetry of the ground state

is a serious development. Such ; symmetry change is unlikely
for a small system in which there are a limiied.number of
orbitals. 1In large systems the number of wolecular .rbitals
incr:ases and their close energetic proximity may make the

system of interest susceptible to perturhational sensitivity

resulting from minor parameter changes. If so, the results
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obtaint:d do not reflect topological effects but merely are
arti’s :ts of the parameters used.

Hitlzout going through a full perturbational treat-
lhém:; wf the eiectronegativity effects of the inclusion of
hitfogen atoms into the basic parent hydrocarbon radicals,
:;cycio? entadienyl, indenyl and fluorenyl, the results obtained
ix Ta les 9-13 show some interesting effeci:s. The suppression
of the spin density on the N atom in pyrryl is due to the
ZA. syumetry of the radical. This can be re-explained .in

orbital termin-logy as resulting from a node through the
N-—:}tcm in the one_electron filled orbital if one uses a
closed shell approximation. Under such conditiomns, the spin
den:ity at the N atcm would be zerc. The situation as to
" why thére is - negative spin density in the open shell calcula-
tiow is identical to the classic case of the allyl radical,28
which :1lso has an 2A2 symmetry. No such argument can be used
with inidazyl énd the near zero -spin density on the nitrogen
atoms nust rest't from electronegativity effects. The simplest
hypothesic €.r imic.lazyl, <;r ar;y other- radical in which symmetry
 does nr. dominate the N spin-densities, is that high spin
- deneities and the accumulation ot: a negative charge on the
J atom tend te oe mutually incompatiblé. Tpe reason for this
is best see. from resonance structure argumer;ts: Like cyclo-
pentadienyl unchargéd resonance structures (of proper phasing
and belonging to the 281 representation in the case of
imidazyl) merely scatter the spin density equally about the

5 member2d ring. However, ionic resonance structures in which
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N atoms possess a negative charge suppress the spin densi-

ties at the N atom.

: .ﬂ, . @“m o TP m’*’. @,

'nonpcharged ionic

Resonance Structure Presentations for the ZB1 pi-Imidazyl Radical

If this hypothesis ié true one would expect to
£ind a correlation between N spin densities and electron
.densities in the calculations presented in Tables 9-13. 1In
fact,; with the excéption o:f the 1 and '3 positions on purinyl
radical (Table 13) there is a fair linear correlation. High
N sgin densities are associated with electron densities in the
1.1§_- 1;20 region. Negative spin densities_are associated
with electron densities in fhe order of 1.35. Even in purinyl
radical the low spin densities of the nitrogen atoms in the
6 member ring is associated with a high electron density.
Simply stated,~it would seem that nitrogen would préfer to
attract 2 electrons instead of one. This fits our intuition
as to the relative electronegativities of carbon and nitrogen.

A comparison of the INDO (Table 3) and the pi-

electron calculations (Table 12) for the 2A2 state of
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benzimidazyl radical shows a strong difference in the pre-
dicted hyperfine coupling constants. As implied from the
pl-electron spin densities the pi-electron calculation shows
a fairly high coupling constant for atom 2 in the 6 member
ring. The INDO calculdtions prediét very little spin density
in the 6 6§mber ring, with the 5 wember ring beiﬁg allyl-like,
In particular the lack of annihilation in the case of the INDO
calculations shows up in the large negative Spin‘density at
carbon 5. This is also shown in the INDO calculations in pyrryl
(Table 1) and 2-aza-aminoethylene radicals (Table 5). 1Imn
pi-electron calculations on pyrryl we found pi-spin densities
of -0.048, 0.418, and 0.106 before amnihilation and -0.081, 0.445,
and 0.095 after (Table 9) for the nitrogen.atdﬁ 1 and carbon
atoms 2 and 3, respectively. Any presumption that if amnihila-
tion is not important in determining spin densities in open
shell pitelectron calculations they will also be unimportant
in the INDO calculations, is obviously not supported by .these
results,

Experiméhtally; there is a lack of information in
which to test these calcuiatidns. fﬁ the parent hydrocarbon
radicals, the ESR spectrum of cyclopentadienyl has been re-

d.z9 In the aza derivatives, only carbazyl has been

porte
characterized. 1,30 Here, our calculations indicate a
nitrogen spin density (0.46) somewhat in excess of the 0.24

estimated from the coupling constant of 6.9 gauss. We are
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in qualitétive agreement wWith the observed spectrum, however,
and the symmetry of the carbaz}l radical must be 2B1' The
only other material reported is indolyl radical?l” Tme radical
is a possible. intermediate in the photodecouwposition of indole
derivatives, including tryptophan. The proposed mechanism30
involves the photo ejection of an electron to give an indole
cation followed by ionization to the conjugate base, the
indolyl radical. The observed spectrum consists of a single

31 The argument of Pailthrope and Nicholls that

1line however.
the spin denéity is localized totally om carbon atom 3 is com-
putationally not supported (TableJIO) nor is it logicél from

a purely fesonance viewpoint., The E?lculation does indicate
gn.ﬁhusually high C spiﬁ density of 0.50 at the 3 position but
the spin densities at the other locations should create signifi-
cant splitting in the Specfrum of indolyl.

ITI. State Syﬁmet:y Consequences of the Pi-Versus-
Sigma Structure of Radicals

The symmetries of the ground and excited s*ates
of radical specieé are of\importance in determining some of the
qualitative features of the potentiai energies surfaces of
even electron molecules wﬁidh'give radical products. This
is best seen in how ammonia might yield the amino radical and
the hydrogen atom. It has already been shown that the ground

state of NH2 is 2B1 and the first excited_state is 2A1 .
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Conceptually we can join planar NH, with H in a coplanar
fashion to give planar ammonia. The structure representations

are given below.

. 7 . }i —_— . . :0}{

2

B o . .
1w, 30 1n, 30 (W =0 )
(ground state) -(excited state)

: .H —»
2
Tay |
2w, 20 2w, 20
. (excited state) . (ground state)
Structure Representations for the Jbining of the 231 and‘zA1

States of NH, Radical with a Hydrogen Atom
We have purposely written a 3 electron sigma bond
for the N-H bond in the 231 NH,-H reaction. 1In orbital
*
terminology a 3 electron sigma valence bond is a (sigma)zsigma
configﬁration. The concept of a2 3 electron bond is useful in

attempting to keep the state symmetries in order when writing

valence bond structures.
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The above argument shows that the ground state of
the amino radical is correlated with an excited state of-
‘ﬁmonia, and the excited state of the amino radical is
~corre1at:ed with the ground state of ammonia. = This has
already been shown ‘diagramatically by Herzberg ar;d Douglas.33
Thus, it is predicted that the potential energy s;1rface of the
ground state planar ammonia must cross with a singlet excited
state of planar ammonia at a N-H bond length less than the
dissociation limit., Because of configuration interaction and
the breakdown of symmetry this crossing does not necessarily
occur when other geometri;:al variations are added to the N-H
stretch. Conceptually, however, crossing does ovccur at least at
one set of geometrical coordinates, )

With the possil;le exception of imidazyl and foramido,
the 'experimental results show that all other R'RN type radicals
are amino-like and yield pi rather than sigma radicals in the
ground state. ﬁitn pyrrole, for example, the stretching of the
N-H bond in a co-planmar fashion should yield a sigma pyrryl
radical, which is predicted to be an excited state of pyrryl.

. As with amino, then, the gfoun’d state of pyrrole is correlated
with an excited state of pyrryl (ZA]_) and some pi-sigma* excited
state of pyrrole is correlated to the ground. state of pyrryl (2A2).
It seems likely that in most molecules of the type calculated

here, there is a crossing between the ground and excited states

at some N-H stretching coordinate.

-
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Tbe behavior of planar heteromﬁlecules having N-H
bonds is to be ccnstrasted.éith‘the arene-aryl radical correla-
tion curves. The ground state of planar benzene should smoothly
give the ground state of the phenyl radical (sigma)1 and an
H atom without ground-excited state crossing. A similar
analysis will also show that ground-excited state surface
crossing is possible in other cases. For instance, the

34 If one

phenoxy radical is known to have a pi-structure,
.constricts the departure of the H atom from phenol in a
coplanar fashion this can only generate a sigma phenoxy
radical. ‘Thus, -as some geometrical coordinate along the
O-H stretch fhe graund and some excited state of phenol come
into contact. We have proposed a similar ground-excited
staté crossing in the thermal and photodecoméosition of arene-
diazonium cations to give aryl cat:i.ons.:‘)‘5~

Similar ground\and excited state curve crossings are
proposed for radical cations or anions in their ionization
processes, The benzene cation (pi}36 can not correlate with
the ground state of thé phenyl radical (its conjugate acid)

which is sigmaI

if the proton departs in a co-planar fashion.
Likewise, the ground state of the chlorobenzene anion (pre-
sumably a pi-radical anion) can not corfelatg the ground state
of the chloride ion and the phenyl radical. .Both in the benzene

cation and chlorobenzene anion, surface crossing must occur

alohg the breaking of the C-H or C-Cl bcnd.

-
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@:H’ —= -- « WY

n
5n, 2o 5n, 26 (W - o)
(ground state) (excited state)

. |
4
6v, lg . 6w, lg .
(excited state) (ground state)

~
Al

Ionization cf the Benzene Cation to the Phenyl Radical
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The theoretical consequences of these curve
crossings are that when attempts are wmade to calculate
the potentialtsurfaces for reactions in which the fimal
states indicate curve croésing the situation will become
increasingly complicated as certain bonds are s* - ‘"ched.
The experimental conseduences of the possibilit " ground
anﬁ excited state relaxation to a ground state potential
surface might occur at or near the crossing coordinate..
- Salem, Dauben and Turro have a1ready2¥ proposed that surface
" crossing of this type occurs in the singlet Norrish Type I1
photoreaction. In this case the crossing occurs directly

from the n-pi* singlet along the 0-H coordinate to give the

singlet biradical intermediate in its ground state.
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TABLE 1

Calculated Eleci:ronic Structure for the Pyrryl Radical

7 M
W Mg
: N * ey s - Hypertine
Atom  Orbitall Bl e e DRasities Coupling
1 s 1.543 -0.009 -3
T .px + py 2.473 5.299 -0.042 '
pw 11.282 —~  £0.229
2 s S 1.077 - 0.026 21
PX + py 1.891 3.802 0.032
pu 0.834 0.491
3 5 1.051 0.002 1
PX + py 1.939 4.015 -0.007
o pm 1.205 , 0.124
4 s 1.015  -0.022: -12
5 '1.020  -0.005 -3

Symmetry =28, (m)

* Px + py = sum of in plane orbitals
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Table 2

Calculated Electronic Structure for the Imidazyl Radical

Hy
y 2
!
s H
co 2 - Hypertine
. Electron Densities Spin -
Atom Orbital co s Coupling
: - TOTAL Densities Constant
1 s ~ 1.045 0.C11 9
pPX + py 1.818 3.957 -0.002 ’
pu 1.09% . <6.005
2 s  1.538 _ - o.011 4
px + py 2,182 5.119 " 0.a%r
S pw 1.399 ’ 0.033
3 ‘s 1.115 -0.046 -37
px + py  1.704 3.833 .0.028
_ p 1.014 ~0.056
4 s 0.996° 9.001 0.3
5 < 1.011 -0.002 -1

2 .
Symmetry = B, (sigma)



-32-

Table 3

Calculated Electronic Structure of the Benzimidazyl Radical

*
Hg
. “b ‘
Hq
. e ‘ ’ ) cq s . Hyperiine
Atom Orbital Electron Dens;g;;i‘ vgg;gities ggzg%iﬁ%h
1 s 1.037 ~0.001 0.5
PX '+ py 1.939 3.976 -0.001 2
pu 1.001 0.032
2 s 1.045 - 0.003 2
PX #+ py 1.947 3.985 0.003
pr | 0.994 _ - 0.063
3 s - 1.022 - 20.005 -4
' PxX + py 1.880 3.910 -0.017 "
p" 1.008 ~0.018
& s - 1.550 0.025 10
PX + Py 2.631 5.168 0.028
pT 0.987 0.621
5 s 1,079 " -0.029 -24
PX + py 1,742 3.841 -0.050 :
pt 1.020 _ -0.397
6 5 " 1.019 -0.002 -1
7 s 1.019 -C.003 -2
8 s

1.005 0.014 8




Table &

Calculated Electronic Structure for the

Aminoethylene Radical (m)

By
U2 N\2
1 |
LY H,
- ey s . Hypertiine
Atom Orbital Electron Deus;g.}:i ls)le);rslities ggg gz;::%
1 s 1.045 -0.022 - 18
PX + py 1.850 3.865 -0.044
pv 0.971 -0.290
2 "8 1.102 0.027 22
PX + py 1.936  4.028 0.038
pm . 0.991 T 0.494 \
3 s 1.564 - 0.034 13
pPX + py 2.604 5.207 0.029
)l pw © 1,039 0.796
4 s ' 1.014 0.010 6
5. s 0.904  -0.029 . -16
6 s 0.988  -0.022 C-12
7 s 0.996  -0.022 -12
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Table 5
Calculated Electronic Structure for

Aza-anmino Ethylene Radical

y M“q
Hy

(Cisoid Configuration )

. - . ~ dyperiine
Atom Orbital Electron Den'i‘(l)'tl:‘ﬁs ls)grlngities ggg‘g’%;ﬁgts
1 s 1.061 — - 0.032 - 26

pPX + py 1.757 3.755 - 0.053
pw 0.937 - 0.420
2 s 1.564 - 0.030 11
px + py = 2.604 . 5.200° 0.034
pm 1.031 V 0.710
3 s " 1.056 - 0.014 7
4 s 0.895 - 0.028 - 15

V3
Symmetry = A, (m
Note: Transoid configuration essentially' the same with regard
to hyperfine coupling constants.
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Table 6

~Ca1cu1ated Electronic Structure for the

Foramido Radical (cisoid) *

cr’)/%\\‘;;ﬁ”'*qf;

2

Electron Densities Spin Hyperfine

Atom \ Orbital - TOTAL Demsities gggggizi

1 8 1.050 -0.027 - - 23
PX + py 1.745 3.628 -0.088
- opm 0.823 0.007

2 s 1.765 . — 0.019 17
PX + py  2.546 6.105°  0.863

_.pv 1,796 ©0.020 .

3 s 1.573 - ~0.006 - 2
) px + py  2.403 5.360  0.101
prt 1.383 -0.027

. s . 1.003 0.143 76

5 s 0.906  -0.004 -.2

Symmetry = sigma

*Hyperfine coupling counstant for isomer with H, + He in a
trans configuration are: Atom: 1, -24; 2, 16; 3, -7; 4, 49;
5, -7. . - )
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Table 7 .

Electronic Structure of the Formic Acid Cation Radical

H'l'
G/:\e/ﬂs
- 3

Atom Orbital e DAL Dhiviries §§§§:§§e
1 s 1.054 - 0.029 - 2
.PX + py 1.731 3.398. - 0.0%

pT ) 0.610 - .- 0.031 .
2. s 1.761 - 0.021 18
PX + py 2.511 5.880 0.881 '
py 1.608 0.042
3 s 1.638 0.001 1
PX + py 2.737 6.157 0.118
put 1.782 - 0.011 _
4 s - 0.877 0.107 58
5 s 0.688 - 0.004 - 2

Symmetry = sigma
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Table 8
Calculated Electronic Structure for the

Carboxyl Radicsl

Hy,
P
o) (JL
' e A Hypertine
. Electron Densities Spin o
Atom Orbital s Coupling
_ TOTAL Densities Constant
1 - s . 1.052 ) - 0.039 - 32
PX + py 1.725 -3.484 - 0.092
. pm 0.707 - 0.024
2 s 1.802 _ .- 0.001 - 1
px + py 2.834 6.283 0.447
PT 1.647 0.012
3 s 0.950 0.238 129 -,

" Symmetry = 2A1 (sigma)
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Table 9
Pi-Spin and Electron Densitis- of

Pyrryl and Imidazyl Radicals

-3 '

3
' R . T-Electron
Atom Spin Density Density
" Pyrryl

1 - 0.08 1.37

2 Jv.45 0.81

3 0.10 ~1.01
sy = @750 , S = 2a,
Imidazyl

1 0.36 0.74

2 - 0.04 1.34

3 : - 0.37 0.79
(s?y = 0.756 , Sym = 2B, . :

" -
. All B's = - 2.4 ev, all values after annihilation.
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Table 10

m-Spin and Electron Densities in lndolyl Radical

3
. Y
T 2
g 3 N,
o>pin Density Zlectron Densities
Atom All B's=- 2.48%c=c™ 2:40  ay1 g's = - 2.4 Bgg = - 2-40
By~ - 2-57 ' Boy = - 2.57
1 0.28 0.14 1.25 1.30
2 -0.04 0.06 0.89 0.87
3 0.50 0.49 0.92 0.91
4. -0.07 ~0.04 1.06 1.07
5 0.19 0.16 0.97 0.94
6 -0.06 - 0.02 1.01 1.02
7 0.14 0.10 0.98 0:96
8 -0.02 0.04 0.97 . n.97
9 0.08 0.05 1,96 0.95
sy = 0.786 0.750

All values after annihilation
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Table 11

W-Electron Spin and Electron Densities

for Carbazyl Radical

Span Deasities Electron Dens:ities
Atom All B's=-2.40 8c-c = - 2-40 .4y grs--2.40 Pc-c = - 2.40
By = - 2-57 bog = - 2-57
1 0.49 0.46 1.17 1.19 . .
2 -0.08 -9.02 0.98 0.97
3 1 6.19 - 0.10 _ 0.97 0.96
3 -0.08 -0.02 101 ¢ 1.02
5 0.16 0.11 0.98 . 0.98
6 -0.06 0.01 0.99 1.00
7 0.12 0.09 0.99 0.99

" Sym. = %B, (s?) = - 0.906 0.750
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Table 12

n-Spin and Electron Densities for

Benzimidazyl Radical

.
1 3
g 2
Spin Demsities ‘Electron Dens:.tfe; 4
B _ - _ 8 = - 2.40
Atom A].l Bls - o 2.4 BC"C ; : %.I;g All 8'57-2.40 SC“C -2 57
C-N Ul C-N y
1 0.17 0.05 _ 094 0.98
2 -0.05 0.20 1.01 0.91
3 0.26 -0.04 0.82 0.99
& i -0.02 0.35 138 1.19
5 0.28 -0.11 0.71 0.85
_ 2. 2 2 .
Sym = “B, A, (s ') 0.766 , 0.755

All values after annihilation
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Table 13

w-Spin and Electron Densities for

Purinyl Radical

S ¢
3 1
%
p _8
Spin vensities ;"Electrcn‘Den31ties
Atom  All B's = -2.40 :c-c::"s’;’ ALL B's=-2.40 gc-c T i:‘;
c-N~ - C-N .
1 -0.08 -0.07 1.27 1.27
2 - 0.20 0.20 0.7 0.73
3 -C.08 -0.07 “1.29 1.28
& 0.22 - 0.22 0.78 0.77
5 0.01 0.05 0.95 0.93
6 0.39 0.31 1.18 1.21
7 0.14 0.15 0.71 0.71
8 -0.01 -0.02 1.34 1.35
9 0.21 . - 0.22 0.75 0.75
sy = .79 0.774

All values after annihilation



PART II

Computation of Simple Potential Energy Surfaces



Introduction The thermal conversion of 1,Z-dioxetanes to their

corresponding substituted aldehydes or ketones is a reaction
thich is accompanied by chemiluminescence. The recent work
of Turro and coéorkers (1) indicates, however, that in the
case of tetramethyl-1,Zz-dioxetane a large yield of triplet
acetone is observed in the thermal decompositidﬁ and that
chemiluminescence is a minor process. The wmechanism of

this non-adiabatic generation of triplet species from a
thermal reaction of a filled shell molecule is not known
and therefore we have entered into theoretical calculations
to see if they could be of some aid in an analysis of this

problem.

METHOD OF CALCULATION A longer range object of the work

reported here is to perfect on all valence electron SCFMO-CI
approach to estimating the potential emergy "surfaces" of
the ground and excited states (singlet-triplet) of species
involved in photochemical reactions. The CNDO/2 method was
chosen as a starting point (2) to generate the orbitals re-
quired for a ccnfiguration interacéion estimate of the
energies of the ground and excited singlet and triplet states
at a particular gecmetrical conkiguration.

The major failure of the CNDO/2 method (non-CI) in re-

producing the overall thermodynamics in the dioxetane deccmposi-

tion was demonstrated by Kearns and coworkers (3) who showed



that the reaction is computed to be highly endothermic rather
than highly exothermic (4&4). Altﬁough some success has been
cla.med for CNDO/2 (5) or the reIgted PCILO (6) and MINDO (7)
methods in preéiccing the relative energies of tautomers or geo-
metrical isomers these techniques have yielded poor results in
the case of small ring compounds. The unreparameferized CNDO/2
predicts (8) that cyclobutane is ﬁore stable than 2 ethylenes
by 360 kcal/mole whereas the reaction.is endothermic by only
'18.7 kecal (9). We also found that the unaltered CNDO/2 method
predicts an endothermicity of 317 kcal for the 1,2-dioxetane to
2 formaldehydes reaction whereas the estimated value is 55 kcal
exothermic (4). Likewise, the PCILO method, as usually

applied (6,10), is subject to the s:me parameterization as the
parent CNDO method and predicts endothermicities of 332, 317,
and 326 for the cyclobutane, oxetame, and 1,2-dioxetane breakup,
respectively, grossly in contrast to reality (6,9). Errors of
this magnitude can not be corrected by a simple readjustment
of resonance parameters or imposition of techniques which
introduce correlation terms, e.g., configuration interactionm.
It is obvious that some reparameterizﬁticn of either the
core-core repulsion or core-electron (penetration) attraction
terms wust be imposed. The MINDO method (11) chooses the
former route by selecting a core-core term which precludes

the proper imposition of configuration interaction while at
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the same time being theoretically wroung. Fisher and Kolluar
installed (8) ds one of their features of a reparameterization
of the CNDO/2 method an unclear formula for the estimation of
the penetration:term, V., » Which states that the interaction
energy of an electron at core a with nucleus b goes to infinity
at infinite distance. This is theorétically in error in this
limiting case and therefore umsatisfactory for a calculation

of . potential surface in which the reacting parts recede to
infinity. In the CNDO/2 method (2) V_, = Z;G, , Where Zy
is the core charge for nucleus b and Gap is the two centered
electron-electron repulsion integral. We have chosen éhé simple
expedient of replacing Vab (12) by the term V,pF » Wwhere

F 1is a scaling factér. In the normal CNDO/2 methnd F = 1.

A change of F to 0.991 yielded a computed exo.hermicity of
about 90 kcal instead of an endotherﬁicity of 360 for the
l,z;diqxetane breakup. Since the V, term in CNDO/2 cal-
culations was originally an approximation we feel that this
minor parameter variation casts doubts on any claims of uﬁiqueness
of any semi-empirical parameter scheme, This parameterization
merely allows one to calibrate the end points of a particular
potential energv surface calculation. We otherwise retained
the parameterization of the origiﬁal CNDO/2 method although
well realizing that the prediction of either the excited state
energies or the magnitudes of energies of transiti_n states
would be ia error. The hope is that the calculatiouns will

reflect the tepological features of what might occur in reality,
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As with a number of calculations of potential energy
surfaces the dioxetane-formaldehyde computation requires the
imposition of configuration interaction at the doubly as well
as the singly ekcited level. This is easily shown by an
orbital symmetry amalysis similar to the classic cyclobutane-
eth&lene conversion (13) with the additional complication that
"non-bonding" orbitals are involvédl In the case presented
here the geométry of the 1,2-dioxetane to 2 formaldehydes
reaction was maintained in the C,  point group and all dis-
tortions were done by i) stretching the 0-0 and C-C bonds
symmetrically to yield a concerted bond breaking; ii) stretch-
ing the 0-0 bond while maintaining a constant C-C bond wnile
moving the hydrogen atom pairs towards one another; and iii)
stretching or compressing the C-C bond after tne 0-0 bond
A.sttetch had reached 2.54 A.

Table 1 lists the conventions used for the orbitals as well
as a symmetry correlation between the monomer states in formalde-
hyde and the 1,2-dioxetane or formaldehyde dimer states. On weak
interaction the 1B2 (pi-pi*) excited state of fco-alderyde will
split into nearly degenerate 1A1 and 132 stive vae:eas\tne
lAz (n -pi*) monomer state will split irco 1&2 - izerx
states, .

In the éalculations presented here the (I trertment was

limited to a total of 50 configuration of the sinzls, double, and

triple promotions of electrons from bonding to non-bonding orbitals
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having symmetry cnaracteristicé belonging to each of the
four irreducible representations of the C,, point group.
Calculations were initiated for a configuration of 1,2-
dioxetanz having the following bond distances and angles:
C-C (1.55 A); 0-0 (1.48); C-0 (1.43); C-H (1.09); and
H-C-H (110°). '

RESULTS AND DISCUSSION: Figure 1 shows 3 different curves.
Curve 1 represents the concerted breaking of the C-C and 0-0
bonds. Curve 2 represents the initial "breaking" of the 0-0
bond to a point (2.54 A) whe.e the C-C-0 bond angle has ex-
panded from 90° to 110°. Curve 3 represents the compression-
stretching of the C-C bond after the C-C-0 angle is 110°.
Thus Curve 2 represents the evolution of the molecule to a
more nearly singlet biradical configuration and Curve 3
represents the effect of C-C bond stretch on cthis "biradical”.
figure'l sbr .s clearly that the predicted activation
energy through the Liradical is much lower than in the con-
certed reaction. Preliminary calculations also indicate that

after the 0-0 bond had reached the biradical configuration,

twisting around the C-C bond from the cisoid (C,,) to the transoid

(CZh) orientation is a path to lower energies. Thus, the best
minimum energy path wmay actually represent 2 simultaneous 0-0

break and C-C twist. Curve 3 indicates that the biradical
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may have kinetic existence, however, in that additional energy
is required to allow for a breakup to the formaldehydes.
Compﬁtationally come minor difIiculties were encountered
in getting SCF~convergence‘at certai: geometries, especially
1a the region where the amount of CI mixing in the ground
state was greatest. 1In such regions the relative .symmetries
. of the excited singlet states were also undergoing change;
This is-to be expected from a simple orbital amalysis. In
the biradical configuration the lowest singlet excited state
was only about 2 ev-above the ground state. Because of the
complexity of Figure 1, we have not included the excited state
behavior. This has been done in Figure 2 where we have shown
a calculation of the approach of two planar formaldenyde mole-
cules to produce a dimer at short 0-0 distances, which is a
distorted form of the éioxetane: In the region of the geometry
of the transition state of ground state there is a reordering

of the symmetries of the excited states.

1 1

The prediction that the lowest B; and A, states in

the dimer should become degenerate and evolve towards the lowest

1A2 n-pi* state is fulfilled in Figure 2., Interestingly the

1 1

lowest B, and excited states have not becowme degenerate

Ay

at 3A. Examination of che 1A1 excited state shows that it is a

mixture cf various doubly excited states of the piz to pi*2 and

n2 to pi*z type. Conceptually, this state could arise from the
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annihilation of two n-pi* triplet formaldehydes and is so corre-

1,T

lated in Figure 2 with a state designated as ~A] . The wavc-

function of the 1A{ is an antisymmetrized product of two
moncexcited functions, one for each of the monomers under
the conditions that this final function must be a singlet.

The possibility “hat a biradical intefmédiate exists in
the dioxetane reaction has been argued thermodynamicglly by
O0'Neal and Richardson (5). The situati-n is much the éame
as with the cyclobutane reaction as has been discussed theoreti-
cally by Salem (14) and Hoffmann (15). The possibility that
such a singlet biradical has kinetic existence in the dioxetane
surface raises the possibility that the triplet surface might
lie at lower energies. Thus the route to the generation of
triplef species in the dioxetame reactioms (1) might be through
a mechanism involving intersystem crossing from the singlet to
the triplet biradical. We will soon perform the CI calculation
on the triplet surface. However, in view of recent wsrk on the
dewar benzene to benzene conversion (16) it may well be that
the hypothesis proposed above for the dioxetane reaction is
a bit too convenient and that mechanisms of chemelectronic
processes (1,16) are not anélyzéble within the context of
potential surfaces based on the Born-Oppenheimer approximation

of the total separation of triplet and singlet "-ctates',
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Figure Captious

?igure_l Energy-Geometry Behavior (After CI) of thne

* Ground State of 1,2-Dioxetane. Curve 1 -
Concerted Brzaking of the 0-0 and C-C
Bouis. Curve 2 - Breaking of the 0-0
Bond With C-C held Constant. Curve 3 -
Compression-Stretching of C-C Bond after
0-0 Bond has reached the 2.54 A point in
Curve 2. Computed Points given by large

circles. Zero energy = - 1400 ev.

Figure 2 Energy-Geometry Behavior (After CI) of
the Ground and Excited Singlet States of

Formaldehyde Dimer.
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Part 11X

Photophysical Properties of Indolizine and Related Heterocycles
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Last year's report contained an exteunsive discussion of the
photophysical propefties of indolizine and related azaindolizine
heterocyclics. Here we will complete only that report by presenting
some of the figures not previously shown. A short discussion wilil

be presented on the significance of each figure. .

Figure 4 Absorption-rluoresceunce Specira of Indole (Hexane)

The item of note hure is thit in the absorption spectrum there
is a number of bands indicating vibrational fine structure. A
detailed analysis1 of this band system shcows that there are at
least two absorption bands in indole in the 35-40 kK region. The
first one is concentrated in the 35-36 kK region with the second
band ‘in the 37-40 kK region. The first band is commonly referred
to as the Lb transition, the second, the La transition. This is
based on the false use of the Platt nomenclature3. Fluorescence
almost always occurs from the lowest singlet and the overlap of
the o-o transitions is readily seen at about 35 kK. 1In other sol-
vents the picture is more complex and there is some questior 1s to

what exactly is the emitting state in hydrogen bondin solvents3‘4.

-

Figure 5 Absorption-Fluorescénce Spectra of Indolizine (Hexane)

Indolizine (Figure 5 gives structure) is isomeric ~o indole.
However, the two nearly degenerate transition in indole are stroungly
split in indolizine with the o-c transitions inthe 26 kK region

for the first transition and in the 34 kK region for the second.

Figure 6 Absorption-Tluorescence Spectra of Iudeliziae (Meths- ol)
The significance of this spectrum is that the "fine" structure

of the fir t absorption and emission band is essentially gone, althouoh
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not nearly so much as in the case of the emission of indole in methanol.
The second transition of indolizine still appears to have a fair
amount cf structure. It would appear that both the ground and ex-
cited states have some degree of solvent association since there
is a great dimunition of fine structure.
Figure 7 Absorption-Fluorescence Spectré of 2-Azaindolizine

(Hexane and Methanol)

Here in the abscrption band (hexane) there is still the big
split between the first and second singlet. The o-o band overlap
is still seen. 1In methanol the smearing out of the fine structure
occurs indicating that ground state complex and excited state com-

plex formation occurs.

L SN

Figure 8 Fluorescence Spectra of l-Azaindolizine (Hexane and
Methanol)

In the absorption spectrum in hexane the ceparation between
the first and sccond singlet is less than in the case ol the other
two indolizines; there is a strong overlap between the segond and
first singlet-singlet absorption bands. The overlap of the o-o
band is still seen. 1In mecrhanol the smearing out of fine structure

-

is still seen.
Figure 9 Fluoresence-absorption Spectraof 1,8-Diazaindolizine
(Hexane and Aruhanol)
The commentary given above also applies to this compound.
Figure 10 Absorption-Fluorescence Spectrum of 1l-Azaindolizine
in Hexane as a Function of Added Small Amounts of n-
Butanol
Here can be seen that small amounts of n-butancl (1-3% vol.)

have a great effect on the absorption spectrum but little effect

on the emission spectrum (virtuallv superimposible). This indicatecs
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that there is specific complex formation in the ground state of
l-azaindolizine with n-butanol. 1In the excited state, on these
butanol concentrations, there is no complex stability. We have
already shown in a previous report that the excited state pK,'s
of the azaindolizines are much lower in the excited state than in
the ground state. The obvious formation of exciplexes in pure

methanol for the azindolizines may, therefore, not necessarily

indicate hydrogen bonded couplexes.
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A Final Review of the Accomplishments of Research Done Under This Grant
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A. Geometrical Influences on Non-Radiative Processes in Organic
Molecules

1. Generalized Rules
The basic theoretical framework for the work carried out

under the area of geometrical influences on non-radiative processes
in organic molecules was done in tine first year (July, 1969) of
the grant and subsequently published in the open literaturel.‘ Major
photochemical reaction mechanisms were divided into four categories
and each analyzed separately. This work is the basis for theoret-
ical work still being carried out. Details of the generalized
rules ares reported in tre first year's progress report.

2. Theoretical Calculations

2. Cis-trans isomerization. The first vear's report

describes calculations using a modified Pariers-Parr Pople SCF-CI

estimation of the ground and excited state of a number of sub-

stituted olefins. Success was obtained in these calculations in

that an analysis of the biradical verses zwitterionic mechanism

could be obtained. This work has been published in the open liter-
2

ature .

b. Bond-breaking modes in the dioxetane decomposition.

The reader is referred to another section of this year's report.
A paper on this subject has been accepted for publication3.
3. Experimental Work

a. Arenediazcnium photochemistry and photophysics.

Coverage of the work performed under this subject is detailed in
the First and Second years' repori (suly 1969, July 1970). A par-

. . b -
tial report has been rendered te the cpen literature . The first
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year's report detailed some quéntum yield measurements on steric-
aliv hindered arenediazonium cations and the effect of external
reagents on these vields. The second year dealt with additional
quantum yield measurements as well as some fluorescence quenching
data. The work done on these materiale is in no way yet completed.
The iucerest in arenediazonium photochemistry results from
the fact that the reaction is fairly exothermic. Thus it belongs
to a class of materials in which either the possibility of chemi-
" luminescence exists or that the photoproducts might be left in their
excited states yielding prompt luminescence, a rare phenomena. The
work under the grant shows that none of these features exist. How-
ever, the materials are strange in that even at extremely low temp-
erature, when photochemistry does not apparently occur, lumin-
escence does not occur. The photoreactions are extremely fast,
estimated by us to be in the picosecond region. An analysis of
the theoretical aspects of this problem is still occuring but it now
appears that the arene cation (aunalyzed by us theoretically and in
the open literatures) might very well have a triplet grouand state.
This produces gross complexifties in the ground and excited state
. potential energy surfaces for arenediézonium cations in that cross-
ing can occur. An additional grant proposal covering this subject
has been submitted to N.S.F.

b. Photoprocesses in Indolizine and Azaindolizine. This

area was covered in the third (July 1571) and fourth (June 1972)

year (this report) and has been reported in the open 1iterature6

The major feature in this class of molecules is that their fluor-
escence lifetimes is cocupled with high yields of emission and

little phospherescen~e. These features indicate that the molecules
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undergo little intersystem crossing. Why this is so has only been
analyzed within the context that either an insufficient number of
triplets occur below the lowest singlet or that there is a poor
misplacing of these levels. The problem still requires the measure-
ment of triplet-triplet spectra to obtain the position of these
triplets. In any case, the discovery of these unusual photophysical
effects plays an important role in the theory of non-radi. tive pro-

cesses and effects of geometry on these processes.

c. Stabilities of Nitrogen Containing Heterocyclic
Radicals. X

This part of the research was devoted to attempting
to experimentally detect radicals of the type R-N-R and to attempt
to rationalize, theoxr.tically, their electronic structures. The
experimental work, detailed in the second year's report was entirely
without success and even to this date no radicals of the pyrryl
type (unsubstituted) hav: been reported in the literature.

The theoretical analysis of this problem is reported
in this year's report which is a partial repetition of that sub-

mitted in the second year's report. A paper has been submitted

for publication to the J Am. Chem. Soc.
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